Abstract Are humans able to perceive the circularity of a cylinder that is grasped by the hand? This study presents the Wndings of an experiment in which cylinders with a circular cross-section had to be distinguished from cylinders with an elliptical cross-section. For comparison, the ability to distinguish a square cuboid from a rectangular cuboid was also investigated. Both elliptical and rectangular shapes can be characterized by the aspect ratio, but elliptical shapes also contain curvature information. We found that an elliptical shape with an aspect ratio of only 1.03 could be distinguished from a circular shape both in static and dynamic touch. However, for a rectangular shape, the aspect ratio needed to be about 1.11 for dynamic touch and 1.15 for static touch in order to be discernible from a square shape. We conclude that curvature information can be employed in a reliable and eYcient manner in the perception of 3D shapes by touch.
Introduction
The shape of a standard drinking glass is a cylinder with a round contour, but is the contour really a circle? One way to check is by measuring the diameter at several places with a ruler, or a vernier caliper. Alternatively, you may grasp the glass and judge whether the shape feels circular or not.
However, does your haptic sense provide you with accurate and reliable information about the shape of the drinking glass? If you grasp another object, like a square glass vase, are you able to distinguish whether the contour of the vase is a square or a rectangle? Are you better in judging the regularity of circles or squares? Klatzky et al. (1985) showed that humans are accurate and fast in recognizing daily life objects by touch. However, daily life objects are characterized by a multitude of properties, like shape, weight, temperature, and compressibility. To study the role of shape information in object perception and recognition, objects that are made from the same material but diVer in shape should be used as stimuli. Studies that focused on shape recognition performance used stimuli like polyhedrons (Lakatos and Marks 1999) , unfamiliar objects created from LEGO bricks (Newell et al. 2001) , or solid copies of bell peppers (Norman et al. 2004) . Using stimuli like these provide insight into the global and local aspects that are characteristic for objects that are explored by touch; however, an inconvenience is that many aspects of the stimuli that are compared change concurrently.
A more systematic approach to shape perception uses a stimulus set in which the elements are from the same, geometrically well-deWned class; successive stimuli vary only slightly in the magnitude of a single stimulus parameter. Roland and Mortensen (1987) investigated discrimination performance of 3D objects like ellipsoids and parallelepipeds. The task was to discriminate the more oblong object from the less oblong object, for objects of equal volume. They found a high performance for the ellipsoids, shapes that are characterized by diVerences in local curvature. Ellipsoids are geometrically well-deWned shapes but rather complex, since, in terms of size, they are described by three independent parameters; the curvature is deWned locally by two independent parameters. The complexity of the stimulus makes it diYcult to relate the performance of the subject to the shape of the stimulus.
In order to obtain a more direct relationship between shape and perception, several discrimination studies have been conducted that used stimuli with a constant curvature. Using this kind of stimuli allowed systematic variations in the stimulus size and the exploration mode. One group of studies concentrated on shape perception by static touch, either with a single Wngertip (Goodwin et al. 1991 (Goodwin et al. , 1997 Jenmalm et al. 2003) , with a part of the hand (Pont et al. 1997 (Pont et al. , 1999 , or with the whole hand (Vogels et al. 1999) . Other studies focussed on curvature perception by dynamic touch, which was performed with a single Wnger (Gordon and Morison 1982; Pont et al. 1998 Pont et al. , 1999 Van der Horst and Kappers 2007) , with various amount of Wngers (Davidson 1972) or with the whole hand (Kappers et al. 1994; Kappers and Koenderink 1996) . Analogous experiments have been conducted on shapes that were created in a virtual environment (Henriques and Soechting 2003; Provancher et al. 2005; Drewing and Ernst 2006) . This overview is far from complete but illustrates the variety of studies that have been performed on constant curvature shape perception. These studies have shown that human subjects are able to perceive small diVerences in curvature but can be biased by diVerences in the orientation of the stimulus (Pont et al. 1998; Henriques and Soechting 2003) , the length of exploration (Pont et al. 1999) , or the Wnger that is employed (Van der Horst and Kappers 2007) .
The stimuli that were used in these studies were not whole objects, only surface parts. In general, the task for a subject was to compare the curvature of one surface to the curvature of another surface. The question arises whether this ability to discriminate curvature diVerences can be used when judgments are made about the shape of complete 3D objects, like drinking glasses. Therefore, we designed stimuli that contained curvature diVerences in one direction within a stimulus and, for comparison, stimuli without curvature information. The Wrst category of stimuli is cylinders with an elliptical cross-section; the other category is cuboids, which have a rectangular cross-section (see Fig. 1 ). Since the crosssections are the determining aspects, we refer to these stimuli as ellipses and rectangles, respectively.
In the experiment that we conducted, subjects had to distinguish either an ellipse from a circle or a rectangle from a square. For the rectangles, only the ratio between the lengths of the perpendicular main axes is informative about the shape. For the ellipses, diVerences in local curvature may provide additional information to this aspect ratio information. However, this theoretical advantage for ellipses does not necessarily result in a higher performance since the performance depends on the ability and accuracy to extract information from the stimulus. When the orientation of the stimulus is unknown in advance, it is evident in which directions the two main axes of a rectangle are oriented; thus, it is obvious which lengths should be compared, but this is not true for an ellipse. This suggests that, if the judgement is only based on aspect ratio information, performance should be better for rectangles than for ellipses.
This disadvantage in obtaining aspect ratio information from ellipses might be compensated or overcome when curvature information can be used. The local curvature varies over the surface of an ellipse, whereas it is constant for a circle. Hence, an ellipse can be distinguished from a circle when diVerences or changes in curvature can be perceived. However, the ability to extract shape information from an object may be biased by spatial factors and exploratory procedures. When elliptical contours were traced in the horizontal plane with a Wnger in a thimble, an ellipse that was elongated in the tangential direction (aspect ratio of 1.06) was perceived as a circle (Hammerschmidt 1934; Von Skramlik 1937) . Henriques and Soechting (2003) found similar biases for ellipses that were traced in a virtual environment. Experiments on length perception have also shown that radially explored lengths were overestimated compared to tangentially explored lengths; the magnitude of the eVect depended on the exploration mode (e.g., Armstrong and Marks 1999; McFarland and Soechting 2007) . Depending on the spatial orientation of the stimulus or the manner of exploration, a square may be perceived as a rectangle and a circle may be perceived as an ellipse, or vice versa.
The manner of exploration might determine how accurate and eYcient shape information can be obtained from the stimulus. As mentioned, several factors may bias the result. In the current experiment we made a distinction between static touch and dynamic touch. In static touch, the stimulus is touched by a single grasp with the hand; in dynamic touch, free explorations around the stimulus surface are allowed. Manipulation of the stimulus is not allowed in order to exclude inertia diVerences that could inXuence shape perception (see e.g., Turvey 1996) . Judging the shape of an ellipse by static touch might be diYcult, since the local curvature impression at one place of the hand should be compared to the local curvature impression at another place of the hand. Dynamic touch seems advantageous, since touching a circle gives a constant impression over time, whereas an ellipse provides a changing proWle. For the rectangles, dynamic touch may also be more informative than static touch. In static touch, the side lengths of the stimulus should be compared with diVerent parts of the hand. In dynamic touch, a combination of diVerent grasping postures and movements along the stimulus surface may provide more information. For both ellipses and rectangles, dynamic touch may provide more but possibly conXicting information, due to exploratory dependent biases. This may impair the performance in dynamic touch.
Methods

Stimuli
The stimuli were made of a compound of polyurethane foam and artiWcial resin (Cibatool BM 5460) and manufactured on a computer controlled milling machine. The stimuli are right cylinders, which means that all horizontal cross-sections lie directly on top of each other. The height was 150 mm. The stimuli are deWned in terms of the aspect ratio of the horizontal cross-section ( ), which is deWned as the quotient of the semi major axis (a) and the semi minor axis (b). The product of a and b is equal for all ellipses, which means that the areas of the cross-sections are equal and thus the volumes of the elliptical stimuli are equal. A circle is a special case of an ellipse, in which the length of a and b are equal and coincide with the radius (r) of the circle. The length of r is 35 mm. The areas of the cross-sections of the rectangles are also equal but diVer from the areas of the cross-sections of the ellipses. The dimensions of the rectangles are chosen in such a way that the perimeter of the square equals the perimeter of the circle. Fig. 2 illustrates the cross-sections of the stimuli.
In each condition, a reference stimulus was combined with seven test stimuli. For the conditions with the ellipses, test stimuli with aspect ratios of 1.006, 1.010, 1.016, 1.020, 1.04, 1.06, and 1.08 were used; the reference stimulus was a circle. For the conditions with the rectangles, aspect ratios of 1.06, 1.08, 1.10, 1.12, 1.17, 1.22, and 1.27 were used; the reference stimulus was a square. The ranges of the test stimuli were based on pilot experiments.
Procedure
Subjects were seated behind a table. A blindfold prevented them from seeing the stimuli. A stimulus was placed in front of the subject at 40 cm from the edge of the table. The experimenter held the stimulus at the upper part to prevent translation or rotation of the stimulus. The orientation of the stimuli, i.e., the direction of the semi major axis in the plane of the table, was random, but for the rectangle conditions, similar for both stimuli within a trial. During a trial, a subject touched a test stimulus and subsequently a reference stimulus, or vice versa. The task was to indicate which of the two stimuli was the circle (square).
In the dynamic conditions, subjects explored the stimuli with their right hand. They were free to explore the surface of the stimuli in the way that they liked but were not allowed to explore the surfaces and edges at the upper and lower parts of the stimuli. In practice, they performed a combination of grasping and sliding movements. In the static conditions, subjects were instructed to grasp the stimuli with the whole hand without making further sliding contact with the surface of the stimuli.
Each condition consisted of 98 trials, which were presented in a pseudorandom order: groups of all possible combinations of test and reference stimuli were randomized and presented successively. Four conditions (two shapes £ two exploration modes) were included. The order in which the conditions were measured was diVerent for each subject; either two condition with the same exploration mode or two conditions with the same shape were presented in a single session. A single session lasted about 60-90 min. For one subject, we had to repeat the experiment in the rectangle £ static condition with an adjusted stimulus range.
Subjects
The results for eight paid subjects (four male and four female, mean age 20 years) are reported. The result of another subject was not included, since no psychometric curve could be Wtted to the data of two conditions. All subjects were right-handed, as established by a standard questionnaire (Coren 1993 ).
Analysis
For each subject and condition, the fraction of correct responses was calculated for each test stimulus value. The data were plotted against the relative aspect ratio ( ¡ 1), which is a Weber fraction, on a logarithmic scale. The logarithmic scale enables an analysis that assumes that performance is at a chance level when the relative aspect ratio reaches zero.
The detection threshold was determined by Wtting a psychometric function (cumulative Gaussian) to the data. Fig. 3 shows an example of two psychometric curves for one subject in an ellipse condition and in a rectangle condition. Figure 4 shows the mean detection thresholds for eight subjects in all conditions. The error bars represent the standard errors. Note that the results are plotted on a logarithmic scale. The signiWcance of the results was tested by performing a two (shape) by two (exploration) ANOVA. Both main factors were signiWcant (F 1,7 = 55, P < 0.001 for shape; F 1,7 = 6.4, P = 0.04 for exploration), but there was no signiWcant interaction between shape and exploration (F 1,7 = 0.6, P = 0.5).
Results
Discussion
The experiment reveals a considerable diVerence in performance to distinguish an ellipse from a circle and a rectangle from a square. The mean threshold for the ellipses is about four times lower than for the rectangles. In addition, the experiment shows that allowing dynamic touch improves the performance in comparison to static touch, although this eVect is rather modest. The large diVerence in performance between ellipses and rectangles indicates that curvature information can be used in a reliable manner. Roland and Mortensen (1987) showed previously that curvature diVerences could be used in the detection of 3D shapes that varied in three dimensions. The stimuli that we used were also 3D objects, but the informative shape varied only in two dimensions, which allows a comparison with several studies that have been conducted previously.
Comparison with 2D tasks
A visual analogue of our experiment was conducted by Zanker and Quenzer (1999) , who used 2D ellipses and rectangles that were presented on a computer screen. They found similar thresholds for distinguishing an ellipse from a circle and a rectangle from a square (on average 0.04 and 0.05, respectively). Obviously, task and performance in the Fig. 3 Examples of psychometric curves for an ellipse condition (a) and for a rectangle condition (b). The response is plotted against the relative aspect ratio, which is deWned as the aspect ratio minus 1. Note that a logarithmic scale is used. The ellipses (rectangles) that are drawn above the horizontal axis illustrate the shape of the ellipse (rectangle) for the values that are indicated on the horizontal axis. A psychometric function was Wtted to the data. The detection threshold is deWned as the relative aspect ratio value for which the psychometric function equals 0.75 a)
b)
visual experiment were diVerent from those in our experiment; we found a slightly better performance for the ellipse conditions and a much worse performance for the rectangle conditions (on average 0.03 and 0.13, respectively).
Helbig and Ernst (2007) compared visual and haptic performance for ellipse discrimination of small, elliptical ridges (circle radius of 5 mm). In the haptic condition, the top of a ridge was explored with a single index Wnger; subjects had to judge whether the stimulus was elongated in the horizontal or vertical direction. The thresholds 75 were 0.03 in the visual condition and 0.07 in the haptic condition.
1 We should be careful in comparing the Wndings of Helbig and Ernst to our results, since the dimensions of the stimuli diVered between the studies and the designs of the experiments were diVerent (discrimination experiment versus detection, respectively). However, the thresholds diVer by more than a factor of two, which indicates that extracting the 2D shape from the surface of a 3D object is more eYcient than when only the top surface and edges are used.
In the introduction, we referred to studies in which orientation dependent biases were found when elliptical contours were traced (Hammerschmidt 1934; von Skramlik 1937; Henriques and Soechting 2003) . In addition, the thresholds that Henriques and Soechting (2003) reported were on average 0.17, which is much higher than the threshold of 0.03 that we found. We cannot exclude the possibility that the thresholds found in our experiment were inXuenced by orientation dependent biases, since we did not measure this. However, a large eVect would have resulted in higher detection thresholds. Our Wndings conWrm a previous observation (Van der Horst and Kappers 2007) that shape perception with bare Wngers is much more reliable than perceiving shapes in a virtual environment, as in the study by Henriques and Soechting (2003) .
Comparison with curvature discrimination It would be interesting to make a quantitative comparison between the results of the ellipses and the results of previous studies on curvature discrimination. The curvature range of the stimuli that Kappers (2007, 2008) used coincides with the range of local curvature of the ellipses. In their curvature discrimination experiment, two curved surfaces were presented subsequently in the same orientation and were explored by dynamic touch. The task was to indicate which of the two stimuli felt more curved. The mean threshold 75 expressed in terms of a Weber fraction is 0.06.
An ellipse might be distinguished from a circle by perceiving the diVerence between the maximum and minimum curvature within the ellipse. A diYculty might be that these points of curvature extrema are at perpendicular orientations with respect to each other and, in addition, that the ellipses were positioned randomly with respect to the external space. However, to perform the detection task, it is not necessary to know the positions of the curvature extrema and to discriminate the maximum from the minimum curvature, but it is suYcient to detect that there are curvature diVerences within the stimulus, which seems to be an easier task to perform.
The detection thresholds that we measured are expressed in terms of relative aspect ratio. How can we convert these values into relative curvature diVerences? An obvious way is to take the diVerence between the maximum and minimum curvature and to divide this value by the curvature of the circle, which results in 0.09. However, it has been shown that curvature discrimination is not based on the comparison of local curvatures but on a comparison of the diVerences in slope over the contact length (Gordon and Morison 1982; Pont et al. (1997 Pont et al. ( , 1999 . Applied to the ellipses, it is probably more realistic to assume that curvature diVerences are perceived by comparing the mean curvature at one place of the ellipse to the mean curvature at another place on the ellipse.
The mean curvature of a part of an ellipse with arc length s is deWned as the change in turning angle divided by the arc length s. In the limit that s approaches zero, the mean curvature is equal to the local curvature (d /ds). Fig. 5 illustrates the magnitude of for equal lengths of s, positioned symmetrically around the points of maximum and minimum curvature, C max and C min , respectively. For this situation, a new value for the relative curvature diVerence at the mean threshold 75 level can be calculated by dividing the diVerence between 1 / s e and 2 / s e by the curvature of the circle. This results in a value of 0.06, which is clearly lower than the value previously calculated but similar to the value obtained by Kappers (2007, 2008) .
This analysis indicates that the performance to distinguish an ellipse from a circle is similar to the discrimination of curved surfaces. However, the Wnding of a quantitative similarity does not necessarily mean that the detection task is performed as in a discrimination task, by comparing the mean curvature at one part of the ellipse to the mean curvature at another part of the ellipse. Alternatively, humans might be sensitive to the change in curvature within the ellipse, information that is not available in the curvature discrimination tasks that we discussed.
Comparison with length discrimination
Curvature information is not available when a rectangle has to be distinguished from a square. Only the ratio between the perpendicular lengths provides information about the shape. Gepshtein and Banks (2003) investigated the ability to discriminate the distance that is perceived when two parallel surfaces are grasped between the thumb and index Wnger. They found a threshold 75 of 0.07; this value is lower than the values that we found for the rectangles (on average 0.11 in dynamic touch and 0.15 in static touch). However, in the experiment of Gepshtein and Banks, the lengths that had to be compared were at the same place and in the same direction. Orientation and exploration dependent anisotropies might have caused an increase of the detection thresholds, as we previously suggested.
Dynamic versus static touch
The experiment showed that the detection performance was higher in dynamic touch than in static touch. This diVerence was especially clear for the detection of rectangles from squares. In dynamic touch, subjects grasped the stimulus from diVerent directions, which provided more information than they could obtain from the single grasp in static touch. For the detection of circles from ellipses, the diVerence in performance in surprisingly small. We expected to Wnd a better performance for dynamic touch than for static touch. In static touch, only the instantaneous curvature proWle on the hand is available. In dynamic touch, additional temporal information might be obtained when the stimulus is explored; the temporal proWle of a circle is constant, whereas the proWle of an ellipse changes in time. Performance was slightly better for dynamic touch, but the low performance for static touch shows that humans are able to judge whether the curvature proWle on the hand is constant or not by only applying static contact.
Conclusions
This study demonstrates that humans are proWcient in extracting available curvature information from the surface of objects that are perceived by touch. In contrast, performance was much poorer when curvature information was lacking. It suggests that the haptic sense is suitable to perceive shape aspects from an object, like curvature information, but is less appropriate to obtain veridical information about spatial aspects, like lengths and orientations.
Finally, we return to our original questions about the ability to judge the circularity of a drinking glass and the squareness of a square vase. By only using the haptic sense, we can conWdently judge that our drinking glass is circular, otherwise we should be able to feel this. However, for the judgments about a square vase, it might be better to rely on our eyes. Fig. 5 Illustration of the ellipse parameters curvature (C), arc length ( s) and turning angle ( ). C max and C min represent points of local maximum and minimum curvature. The arc length between two of these local extrema is s e . The dashed lines mark the points halfway the local extrema, hence the arc length between these points is also s e . Tangent lines are drawn at these places. The turning angles between two subsequent tangent lines are represented by 1 and 2 , respectively
